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1
OPTICAL IMAGING SYSTEM AND METHOD
BASED ON RANDOM LIGHT FIELD
SPATTIAL STRUCTURE ENGINEERING

This application is the National Stage Application of
PCT/CN2021/101132, filed on Jun. 21, 2021, which claims
priority to Chinese Patent Application No. 202110629377.3,
filed on Jun. 7, 2021, which is incorporated by reference for
all purposes as if fully set forth herein.

FIELD OF THE INVENTION

The present invention relates to the technical field of
optics, and more particularly to an optical imaging method
and system based on random light field spatial structure
engineering.

DESCRIPTION OF THE RELATED ART

With the gradual development of techniques of imaging
through scattering medium, many breakthroughs have been
made. At present, the commonly used approach to imaging
through weakly scattering medium is by suppressing scat-
tered light and extracting ballistic light transmitted through
the scattering medium. The techniques utilized mainly
include adaptive optical imaging technique, optical coher-
ence tomography technique, multi-photon microscopy and
multi-spectral photoacoustic tomography etc. The develop-
ment and application of these techniques have solved the
problems in astronomical imaging, underwater detection,
and biological imaging. With the continued in-depth study
of scattering mechanism, scattering imaging technique at
present no longer focuses on the separation of scattered light
to extract ballistic light, but rather on utilization of scattered
light. Through a thorough study of the characteristics of
scattered light, a qualitative leap has been accomplished
from incapability of recovering the object hidden behind the
strong scattering layer to capability of recovering the object
behind the scattering layer. Particularly, the technique of
imaging through scattering medium is not only widely
applied in microscopic imaging and super-resolution imag-
ing, but also plays an important role in the fields of optical
fiber imaging, holographic imaging and optical communi-
cation etc.

At present, methods of imaging through scattering
medium mainly include wavefront shaping technique and
scattering imaging technique based on optical memory
effect. Among them, wavefront shaping technique includes
three aspects: optical phase conjugation, wavefront shaping
technique based on feedback optimization and optical trans-
mission matrix technique. Scattering imaging technique
based on optical memory effect includes two aspects:
speckle correlation imaging technique and point spread
function engineering imaging technique.

The focus of wavefront shaping technique is to study the
propagation characteristics of light in a scattering medium,
and to express the characteristics of the scattering medium
quantitatively or qualitatively in a mathematical form, which
is the basis for utilization of scattering effect. However, the
method relying on wavefront shaping technique for imaging
through a scattering medium has shortcomings, such as low
energy utilization, complicated and time-consuming pro-
cess, and inadequate real-time performance, so it is impos-
sible to observe the object hidden behind the scattering
medium in real time.

The essence of scattering imaging technique based on
optical memory effect is to make full use of speckle energy
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and speckle distribution characteristics for imaging through
a scattering medium. With respect to the speckle correlation
imaging technique, some scholars have proposed a non-
invasive method of imaging through a scattering layer.
When the target size is within the range of optical memory
effect, an optical camera is used to record the speckle behind
the scattering medium, that is, the light intensity informa-
tion. The whole optical system is regarded as an incoherent
system with a space translation invariant point spread func-
tion (PSF), and then the speckle can be written in the form
of convolution of the target information and the point spread
function of the system. The Fourier amplitude information
of the target object hidden behind the scattering medium can
be obtained through autocorrelation operation of light inten-
sity, and then reconstruction of the target can be realized by
combination with the effective phase retrieval algorithm.
Compared with the wavefront shaping technique, this
method obviates the need to measure the priori information
of the scattering imaging system, in other words, it does not
need a reference light path to assist in imaging or to implant
a light source behind or inside the scattering medium.
However, the imaging range of the target size is limited by
the optical memory effect, so that it is impossible to image
large-size objects. In addition, with respect to the spread
function engineering imaging technique, some scholars pro-
posed that, by measuring the point spread function of the
system and by using Lucy-Richardson deconvolution itera-
tive nonlinear retrieval method, imaging through scattering
medium is accomplished. Some scholars have further pro-
posed a speckle imaging method that utilizes phase diversity
as applied in astronomical imaging. By obtaining the
speckle information of various image planes, the point
spread function of the whole optical scattering system can be
jointly estimated and obtained without reference, and then
imaging through scattering medium can be realized through
deconvolution technique. However, the point spread func-
tion engineering imaging technique needs to obtain the point
spread function of the system in advance, and its imaging
effect depends on the accuracy of the obtained point spread
function of the system. In the imaging process, the stability
of scattering medium should be ensured, and this method is
only applicable to static scattering medium imaging.

To sum up, there is an urgent need for an imaging system
and method that can image dynamic objects quickly, and in
which the imaging range is not limited by the optical
memory effect and the point spread function of the whole
optical system does not need to be measured.

SUMMARY OF THE INVENTION

In view of this, a technical problem to be solved by the
present invention is to overcome the shortcomings of prior
art that imaging efficiency of dynamic objects is low, the
imaging range is limited by the optical memory effect and
the point spread function of the whole optical system needs
to be measured.

To address the technical problem mentioned above, the
present invention provides an optical imaging system based
on random light field spatial structure engineering, includ-
ing:

a scattering assembly configured to scatter a beam trans-
mitted through free space via a scattering medium to
obtain light to be measured, the beam carrying infor-
mation on an object to be measured;

a first beam polarization splitting assembly configured to
split the polarization of the light to be measured, in
which one light beam to be measured is split into
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x-polarized light and y-polarized light and the other
light beam to be measured is combined with a reference
light beam and then split into x-polarized light and
y-polarized light, the reference light being light that is
completely coherent with the light to be measured;

an optical measurement assembly configured to measure
intensity distribution of the x-polarized light and y-po-
larized light in the light to be measured, intensity
distribution of the x-polarized light and y-polarized
light in the light after beam combination of the refer-
ence light and the light to be measured and intensity
distribution of the x-polarized light and y-polarized
light in the reference light; and

a calculation unit configured to obtain a real part and an

imaginary part of the cross spectral density of the light
to be measured according to the intensity distributions,
retrieve the intensity distribution of the scattering
medium by using the real part and the imaginary part of
the cross spectral density and calculate the intensity
distribution of the scattering medium to obtain the
shape and location of the object to be measured.

In an embodiment of the present invention, the system
further includes a Fourier lens provided between the scat-
tering medium and the first beam polarization splitting
assembly.

In an embodiment of the present invention, the system
further includes a first half-wave plate provided between the
Fourier lens and the first beam polarization splitting assem-
bly.

In an embodiment of the present invention, the first beam
polarization splitting assembly includes a first beam splitting
element and a first beam polarization splitting element, the
first beam splitting element being provided between the first
half-wave plate and the first beam polarization splitting
element.

In an embodiment of the present invention, the system
further includes a second beam polarization splitting assem-
bly connected to the optical measurement assembly, the
second beam polarization splitting assembly including a
second beam splitting element a, a second beam splitting
element b, a second beam polarization splitting element a, a
second beam polarization splitting element b and a reflective
element. The reference light is split by the second beam
splitting element a. One reference light beam and the light
beam to be measured are combined at the second beam
splitting element b and the combined light is split into
x-polarized light and y-polarized light by the second beam
polarization splitting element a. The other reference light
beam is reflected by the reflective element and split into
x-polarized light and y-polarized light by the second beam
polarization splitting element b.

In an embodiment of the present invention, the optical
measurement assembly includes a first charge-coupled
device unit, a second charge-coupled device unit and a third
charge-coupled device unit arranged in an array, the first
charge-coupled device unit, the second charge-coupled
device unit and the third charge-coupled device unit each
including at least two individual charge-coupled devices, in
which the optical distance from the uppermost individual
charge-coupled device in the first charge-coupled device
unit to the Fourier lens is equal to the focal length of the
Fourier lens.

In an embodiment of the present invention, the optical
distances from all the individual charge-coupled devices in
the first charge-coupled device unit and the second charge-
coupled device unit to the first beam splitting element are
equal to each other and equal to the optical distances from
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all the individual charge-coupled devices in the second
charge-coupled device unit and the third charge-coupled
device unit to the second beam splitting element b.

Further, the present invention also provides an optical
imaging method based on random light field spatial structure
engineering, including:

scattering a beam transmitted through free space via a

scattering medium to obtain light to be measured, the
beam carrying information on an object to be mea-
sured;

splitting and polarizing the light to be measured, in which

one light beam to be measured is split into x-polarized
light y-polarized light and the other light beam to be
measured is combined with a reference light beam and
then split into x-polarized light and y-polarized light,
the reference light being light that is completely coher-
ent with the light to be measured;

measuring intensity distribution of the x-polarized and

y-polarized parts of the light to be measured, intensity
distribution of the x-polarized and y-polarized parts of
the light after beam combination of the reference light
and the light to be measured and intensity distribution
of the x-polarized and y-polarized parts of the reference
light; and

obtaining a real part and an imaginary part of the cross

spectral density of the light to be measured according
to the intensity distributions, retrieving the intensity
distribution of light on the scattering medium by using
the real part and the imaginary part of the cross spectral
density and calculating the intensity distribution to
obtain the shape and location of the object to be
measured.

In an embodiment of the present invention, the obtaining
areal part and an imaginary part of the cross spectral density
of the light to be measured according to the intensity
distributions and retrieving the intensity distribution of the
scattering medium by using the real part and the imaginary
part of the cross spectral density includes:

calculating the real part W'(r,.r,) and the imaginary part

W"(r,.r,) of the cross spectral density of the light to be
measured by the equations:

{(IEeDIE ) = ([ L) + IR [ L) + IR ()]

W' (ry, 1) =
o 2RI )
W ) = (I DI ) = ([ ) + IR0 [B ) + LR )]
2\/15 DI ()
where ( R )S represents the spatial average, r, r; and r,

represent coordinates of any point in the observation
plane, I.(r) and I (r) represent the intensity distributions
of x- and y-polarization of the light to be measured
respectively, [ ®(r) and IyR(r) represent the intensity
distributions of x- and y-polarization of the reference
light respectively, and I,(r) and L (r) represent the
intensity distributions of x- and y-polarization of the
light after beam combination of the reference light and
the light to be measured respectively;

retrieving the intensity distribution p(p) of light on the
scattering medium from the cross spectral density
through Fourier transform by the equation

w( >—Lff ) [2’—” - >]d2
V1,"z—)tzf2 plp)exp) FYRARAIEY
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where A represents the wavelength of the light, f repre-
sents the focal length of the Fourier lens, p represents
the coordinate of any point in the plane where the
scattering medium is positioned, and i represents the
imaginary unit.

In an embodiment of the present invention, the calculating
the intensity distribution to obtain the shape and location of
the object to be measured includes:

calculating the intensity distribution of light on the scat-

tering medium by using the phase retrieval algorithm in
the Fresnel domain to obtain the shape and location of
the object to be measured.

The technical solution of the present invention described
above has the following advantages compared with prior art:

In the present invention, first the intensity distribution of
the light to be measured, the intensity distribution of the
combined light after beam combination of the reference light
and the light to be measured and the intensity distribution of
the reference light are measured; a real part and an imagi-
nary part of the cross spectral density of the light to be
measured are obtained according to the intensity distribu-
tions; the intensity distribution in the surface of the scatter-
ing medium is retrieved by using the real part and the
imaginary part of the cross spectral density and the intensity
distribution of the surface of the scattering medium is
calculated to obtain the shape and location of the object to
be measured. In this way, dynamic objects can be imaged
quickly, the imaging range is not limited by the optical
memory effect and the point spread function of the whole
optical system does not need to be measured.

BRIEF DESCRIPTION OF THE DRAWINGS

In order to make the content of the present invention
easier to be understood clearly, the present invention will be
explained in further detail below according to particular
embodiments of the present invention and with reference to
the accompanying drawings, in which

FIG. 1 is a schematic view of an optical imaging system
based on random light field spatial structure engineering
according to the present invention; and

FIG. 2 is a flow chart of an optical imaging method based
on random light field spatial structure engineering according
to the present invention.

REFERENCE NUMERALS

1 first laser; 2 first beam expanding element; 3 object to
be measured; 4 free space transmission unit; 5 scattering
medium; 6 Fourier lens; 7 first half-wave plate; 8 first beam
splitting element; 9 first beam polarization splitting element;
10 optical measurement assembly; 11 phase-locked loop; 12
second laser; 13 linear polarizer plate; 14 second half-wave
plate; 15 quarter-wave plate; 16 second beam expanding
element; 17 second beam splitting element a; 18 second
beam splitting element b; 19 second beam polarization
splitting element a; 20 reflective element; 21 second beam
polarization splitting element b; 22 calculation unit.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The present invention will be further explained below
with reference to the accompanying drawings and particular
embodiments, so that those skilled in the art can better
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understand and implement the invention. However, the
listed embodiments should not be taken as limitation of the
present invention.

First Embodiment

Referring to FIG. 1, this embodiment provides an optical
imaging system based on random light field spatial structure
engineering, the system includes a scattering assembly, a
first beam polarization splitting assembly, an optical mea-
surement assembly 10 and a calculation unit 22.

The scattering assembly is configured to scatter a beam
transmitted through free space via a scattering medium 5 to
obtain light to be measured, the beam carrying information
on an object to be measured 3. The scattering medium 5 is
preferably frosted glass.

The first beam polarization splitting assembly is config-
ured to split the polarizaiton of the light to be measured, in
which one light beam to be measured is split into x-polarized
light and y-polarized light and the other light beam to be
measured is combined with a reference light beam and then
split into x-polarized light and y-polarized light, the refer-
ence light is completely coherent with the light to be
measured.

The optical measurement assembly 10 is configured to
measure intensity distribution of the x-polarized and y-po-
larized parts of the light to be measured, intensity distribu-
tion of the x-polarized and y-polarized parts of the light after
beam combination of the reference light and the light to be
measured and intensity distribution of the x-polarized and
y-polarized parts of the reference light.

The calculation unit 22 is configured to obtain a real part
and an imaginary part of the cross spectral density of the
light to be measured according to the intensity distributions,
retrieve the intensity distribution of the scattering medium 5
by using the real part and the imaginary part of the cross
spectral density and calculate the intensity distribution of
light on the scattering medium 5 to obtain the shape and
location of the object to be measured 3.

In this embodiment, the system further includes a Fourier
lens 6 provided between the scattering medium 5 and the
first beam polarization splitting assembly. The Fourier lens
6 can perform Fourier transform on the light to be measured
that has passed through the scattering medium 5, thereby
increasing the coherence of the light field.

In this embodiment, the system further includes a first
half-wave plate 7 provided between the Fourier lens 6 and
the first beam polarization splitting assembly. The light to be
measured passes through the first half-wave plate 7 to obtain
light linearly polarized in the 45° polarization direction.

The first beam polarization splitting assembly includes the
first beam splitting element 8 and the first beam polarization
splitting element 9. The first beam splitting element 8 is
provided between the first half-wave plate 7 and the first
beam polarization splitting element 9. The linearly polarized
light coming out of the first half-wave plate 7 is split into two
beams by the first beam splitting element 8, in which the
transmitted beam is split into x-polarized light and y-polar-
ized light by the first beam polarization splitting element 9.
Preferably, the first beam splitting element 8 may be a beam
splitter mirror and the first beam polarization splitting ele-
ment 9 may be a polarizer and beam splitter mirror.

In this embodiment, the system further includes a first
laser 1, a first beam expanding element 2 and a free space
transmission unit 4. The first laser 1 can emit completely
coherent and linearly polarized laser, this beam carrying
information on the object to be measured 3. The beam passes
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through the first beam expanding element 2, which may be
a beam expander mirror, and becomes expanded. The
expanded beam passes through the object to be measured 3,
which can be moved freely up down and left right, and is
transmitted by the free space transmission unit 4 to the
scattering medium 5, which may be frosted glass.

In this embodiment, the system further includes a second
beam polarization splitting assembly connected to the opti-
cal measurement assembly 10. The second beam polariza-
tion splitting assembly includes a second beam splitting
element al7, a second beam splitting element b18, a second
beam polarization splitting element al9, a second beam
polarization splitting element b21 and a reflective element
20. The reference light beam is split by the second beam
splitting element al7, in which one reference light beam and
a light beam to be measured are combined at the second
beam splitting element b18, and the combined light is split
into x-polarized light and y-polarized light by the second
beam polarization splitting element a19. The other reference
light beam is reflected through the reflective element 20 and
split into x-polarized light and y-polarized light by the
second beam polarization splitting element b21. Preferably,
the second beam splitting element al7 and the second beam
splitting element b18 may be a beam splitter mirror, the
second beam polarization splitting element al9 and the
second beam polarization splitting element b21 may be a
polarizer and beam splitter mirror, and the reflective element
20 may be a reflective mirror.

The optical measurement assembly 10 includes a first
charge-coupled device unit, a second charge-coupled device
unit and a third charge-coupled device unit arranged in an
array. The first charge-coupled device unit is configured to
measure the intensity distribution of the x-polarized light
and y-polarized light of the light to be measured. The second
charge-coupled device unit is configured to measure the
intensity distribution of the x-polarized light and y-polarized
light of the light after beam combination of the reference
light and light to be measured. The third charge-coupled
device unit is configured to measure the intensity distribu-
tion of the x-polarized light and y-polarized light of the
reference light.

Further, the first charge-coupled device unit, the second
charge-coupled device unit and the third charge-coupled
device unit each include at least two individual charge-
coupled devices. Preferably, each charge-coupled device
unit includes two individual charge-coupled devices, so that
the three charge-coupled device units have six individual
charge-coupled devices in total, i.e., the individual charge-
coupled device 101, the individual charge-coupled device
102, the individual charge-coupled device 103, the indi-
vidual charge-coupled device 104, the individual charge-
coupled device 105 and the individual charge-coupled
device 106 in sequence from top to down. The optical
distance from the individual charge-coupled device 101 to
the Fourier lens 6 is equal to the focal length of the Fourier
lens 6.

Further, the optical distances from the individual charge-
coupled device 101, the individual charge-coupled device
102, the individual charge-coupled device 103 and the
individual the charge-coupled device 104 to the first beam
splitting element 8 are equal to each other and equal to the
optical distances from the individual charge-coupled device
103, the individual charge-coupled device 104, the indi-
vidual charge-coupled device 105 and the individual charge-
coupled device 106 to the second beam splitting element
b18.
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In this embodiment, the system further includes a second
laser 12, a phase-locked loop 11, a linear polarizer plate 13,
a second half-wave plate 14, a quarter-wave plate 15 and a
second beam expanding element 16. The second laser 12 is
connected to the first laser 1 through the phase-locked loop
11. That is, linearly polarized light that is completely coher-
ent with the laser emitted by the first laser 1 is obtained
through the phase-locked loop 11, the second laser 12 of the
same type as the first laser 1 and the linear polarizer plate 13.
This linearly polarized light is used as the reference light to
measure the coherent structure of the light field. The refer-
ence light passes through the second half-wave plate 14 to
obtain light linearly polarized in 45° polarization direction,
which then passes through the quarter-wave plate 15 with a
fast axis or slow axis at 0° to obtain circularly polarized
light, which then passes through the second beam expanding
element 16 (which may be a beam expander mirror) and
becomes expanded.

The operation principle of an optical imaging system
based on random light field spatial structure engineering
according to this embodiment will be explained hereinafter.

With continued reference to FIG. 1, the operation prin-
ciple of an optical imaging system based on random light
field spatial structure engineering according to this embodi-
ment is as follows. The first laser 1 may be a helium-neon
laser that emits completely coherent and linearly polarized
laser with a wavelength of 633 nm. The beam carries
information on the object to be measured and passes through
the first beam expanding element 2 and becomes expanded.
The expanded beam passes through the object to be mea-
sured 3, which can move freely up down and lift right, and
is transmitted by the free space transmission unit 4 to the
scattering medium 5, which may be frosted glass, to obtain
the light to be measured. When the beam passes through the
free space transmission unit 4, the light intensity image
becomes blurred under the effect of diffraction. The beam
continues to be transmitted and impinges on the rotated
scattering medium 5. Under the effect of scattering of the
scattering medium 5, the light to be measured loses phase
information. If the information of the image needs to be
retrieved, the coherent structure of the back light field of the
scattering medium 5 can be measured to retrieve the inten-
sity distribution information of the back surface of the
scattering medium 5 and consequently obtain the shape and
location of the object to be measured 3 by using the phase
retrieval algorithm in the Fresnel domain. To allow simple
and more accurate measurement, a Fourier lens 6 can be
added after the scattering medium 5 to perform Fourier
transform on the light to be measured that has passed
through the scattering medium 5, thereby increasing the
coherence of the light field. To facilitate measurement of the
coherent structure of the light field, the light to be measured
passes through the first half-wave plate 7 to obtain light
linearly polarized in 45° polarization direction. The linearly
polarized light beam is split into two beams through the first
beam splitting element 8. The transmitted light beam to be
measured is split into x-polarized light and y-polarized light
through the first beam polarization splitting element 9. The
individual charge-coupled device a and the individual
charge-coupled device b of the optical measurement assem-
bly 10 measure the intensity distribution of the x-polarized
light and y-polarized light of the light to be measured
respectively.

In another aspect, linearly polarized light that is com-
pletely coherent with the laser emitted by the first laser 1 is
obtained through the phase-locked loop 11, the second laser
12 of the same type as the first laser 1 and the linear polarizer
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plate 13. This linearly polarized light is used as the reference
light to measure the coherent structure of the light field. The
reference light passes through the second half-wave plate 14
to obtain light linearly polarized in 45° polarization direc-
tion, which then passes through the quarter-wave plate 15
with a fast axis or slow axis at (° to obtain circularly
polarized light, which then passes through the second beam
expanding element 16 and becomes expanded. Then the
reference light is split into two beams by the second beam
splitting element a17. The transmitted reference light and the
light to be measured are combined at the second beam
splitting element b18. The combined light is split into
x-polarized light and y-polarized light by the second beam
polarization splitting element al9. The individual charge-
coupled device c and individual charge-coupled device d of
the optical measurement assembly 10 measure the intensity
distribution of the x-polarized light and y-polarized light of
the combined light respectively. The reference light reflected
by the second beam splitting element al7 is reflected
through the reflective element 20. Thereafter, the reference
light is split by the second beam polarization splitting
element b21 into x-polarized light and y-polarized light. The
individual charge-coupled device e and individual charge-
coupled device f of the optical measurement assembly 10
measure the intensity distribution of the x-polarized light
and y-polarized light of the reference light respectively.

In the end., the intensity distribution information thus
obtained is sent to a calculation unit 22 and computed and
processed by the calculation unit 22.

Second Embodiment

The optical imaging method based on random light field
spatial structure engineering according to a second embodi-
ment of the present invention will be explained hereinafter.
The optical imaging method based on random light field
spatial structure engineering described below corresponds to
the optical imaging system based on random light field
spatial structure engineering described above.

Referring to FIG. 2, this embodiment provides an optical
imaging method based on random light field spatial structure
engineering, including the follow steps.

S100: scattering a beam transmitted through free space
via a scattering medium 5 to obtain light to be measured, the
beam carrying information on an object to be measured.

As an example, under the effect of scattering of the
scattering medium 5, the beam transmitted through free
space and carrying information on the object to be measured
3 loses phase information. If the information of the image
needs to be retrieved, the coherence structure of the back
light field of the scattering medium 5 can be measured and
the intensity distribution information of the back surface of
the scattering medium 5 is retrieved to obtain the shape and
location of the object to be measured 3 by using the phase
retrieval algorithm. To allow simple and more accurate
measurement, a Fourier lens 6 can be added after the
scattering medium 5 and used to perform Fourier transform
on the light to be measured that has passed through the
scattering medium 5, thereby increasing the coherence of the
light field.

S200: splitting the polarization of the light to be mea-
sured, in which one light beam to be measured is split into
x-polarized light y-polarized light and the other light beam
to be measured is combined with a reference light beam and
then split into x-polarized light and y-polarized light, where
the reference light is completely coherent with the light to be
measured.
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As an example, linearly polarized light that is completely
coherent with the laser emitted by the first laser 1 is obtained
through the phase-locked loop 11, the second laser 12 of the
same type as the first laser 1 and the linear polarizer plate 13.
This linearly polarized light is used as the reference light to
measure the coherence structure of the light field.

S$300: measuring intensity distribution of the x-polarized
and y-polarized parts of the light to be measured, intensity
distribution of the x-polarized and y-polarized parts of the
light after beam combination of the reference light and the
light to be measured and intensity distribution of the x-po-
larized and y-polarized parts of the reference light.

As an example, the individual charge-coupled device a
and individual charge-coupled device b of the optical mea-
surement assembly 10 measure the speckle information of
the x-polarized and the y-polarized parts of the light to be
measured respectively. Said speckle information here is the
intensity distribution.

S400: obtaining a real part and an imaginary part of the
cross spectral density of the light to be measured according
to the intensity distributions, retrieving the intensity distri-
bution of light on the scattering medium 5 by using the real
part and the imaginary part of the cross spectral density and
calculating the intensity distribution of light on the scatter-
ing medium 5 to obtain the shape and location of the object
to be measured 3.

As an example, the intensity distribution of light on the
scattering medium 5 can be calculated by using the retrieval
algorithm in the Fresnel domain to obtain the shape and
location of the object to be measured 3.

The operation principles of the optical imaging method
based on random light field spatial structure engineering
according to this embodiment will be explained hereinafter.
The operation principles thereof are as follows.

Principle I: Generation of Random Light Field

During transmission of the beam carrying information on
the object to be measured 3 through the free space trans-
mission unit, the intensity image has become blurred due to
interference effect. That is, the light field of the front surface
of the scattering medium 5 can be expressed as:

1 . ik 512 M
E(p) = Eexp(zkz) fO(v)exp[Zm— V) ]d v

where i represents the imaginary unit, O(v) represents
light field distribution of the object to be measured 3,
A and k represent the wavelength and wavenumber of
light respectively, z represents the transmission dis-
tance, i.e. the distance between the object to be mea-
sured 3 and the scattering medium 5, and v and p
represent the coordinates of the cross sections in which
the object to be measured 3 and the scattering medium
5 are situated respectively.
Due the scattering effect of the scattering medium 5, the
light field lost phase information, the light field being
expressed as

E'(p)=exp(i,)E(p) @

where E'(p) represents the light field distribution of the
back surface of the scattering medium 5, and @,
represents the random phase which is related to the
coordinate p.
The light intensity at the surface of the scattering medium
5 is expressed as:

P(P)=E*(P)E(P)=E*(P)E'(p) 3)
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The equation above shows that the front and back surfaces
of the scattering medium 5 have the same intensity distri-
bution.

The light field of the back surface of the scattering
medium 5 can be characterized by its second order statistics
cross spectral density:

Wip, apz):\/P(p BIZCBLIIE ) 4

where &( . . . ) represents the Dirac & function, and p, and
p, represent the coordinates of the plane where the
scattering medium 5 is situated.

To allow simple and more accurate measurement, a Fou-
rier lens 6 can be added behind the scattering medium 5 and
used to perform Fourier transform on the light field of the
rear surface of the scattering medium 5, thereby increasing
the coherence of the light field. The light field passes through
the Fourier lens 6 and becomes a partially coherent beam
having cross spectral density of:

®

2in

Y3 (o111 —p2 'Vz)]dpldpz

1
W, ) = )Lz_fzf W(p1, pz)exp[

where r, 1, and r, represent the coordinates of any point in
the observation plane and f represents the focal length
of the Fourier lens 6.

By substituting the equation (4) into the equation (5), the
following relation can be established between the intensity
distribution of the surface of the scattering medium 5 and the
spatially coherent structure of the observation plane:

1 2im > (6)
Wi(ry, r2) = )Lz—fszp(f))exp[ﬁp'(ﬁ - Vz)]d P

Principle II: Measurement of the Spatial Coherence Struc-
ture of the Random Light Field

The second order statistics characteristics, including the
coherence, of the light to be measured can be expressed by
the cross spectral density as:

W(rl)rz):( E*(rl)E(r2)> @)

where E(r) represents the random electric field at the point
r in space, the superscript asterisk represents the com-
plex conjugation, and the angle brackets represent the
ensemble average.

Specifically, by introducing a reference light beam EX(r)
and combining it with a light beam to be measured E(r),
theoretically two reference light beams with a phase differ-
ence of AQ can be obtained by rotating the quarter-wave
plate. The resultant two reference light paths are coherently
combined with the light beam to be measured respectively,
and the total random electric fields after beam combination
are respectively:

ECNPH=E(r+E®\(r) )

E(P=E(r+ER(r) ©)

where E®!(r) and E®%(r) represent the electric fields of the
two reference light beams.
Then the light intensity of the combined light is:

ICUECY(1ECYH(r) (10)

where  has a value of 1 or 2 and I°°(r) represents the
light intensity of the v-th combined light.
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The light intensities of the light beams from the two beam
combinations are cross-related as:

GC(rl,r2)=( r ‘(rl)ICZ(rz)) an.

By substituting the equations (8)-(10) into the equation
(11), the cross relation between the light intensities of the
resultant fields can be expressed as:

GC(rl,rz):( IUl(rl)( ) IUZ(rz)) HW(ry, r) 1242

x/(IRl(rl) (j IRz(rz)j X[W(ry,ry)cos Ag—W'(r,,

ry)sin Ag] (12)

where I*'(r)=/E®'(r)1* and I**(r)=IE®*(r)I represent the
intensity distributions of two reference light beams
respectively, and IV (r)=I%" (r)+I(r) and I7*(r)=I"*(r)+1
(r) represent the non-coherent superposition of light
intensity of the two reference light beams with the light
to be measured respectively.

It can be found in the equation above that the light
intensity cross relation G(r,.r,) is related to the phase
difference A¢ between the reference light paths and Ad=arg
[E®*(1)~E®'(r)], and the amplitude and phase information of
the cross spectral density of the light to be measured are also
included in G°(r,,r,). For example, when A¢=0, the last term
in the equation includes the information of real part of the
cross spectral density; and when

A _7T
¢=7

the last term in the equation includes the information of
imaginary part in the cross spectral density.

That is, the phase difference between the two reference
light paths can be controlled to obtain the information of real
part and imaginary part of the cross spectral density and
consequently obtain the amplitude and phase of the cross
spectral density of the light to be measured.

Also, as can be seen from the equation (12), the light
intensity cross relation function includes a background term.
To remove the background term, the light intensity cross
relation of non-coherent superposition between the refer-
ence light and the light to be measured is introduced:

GY(ry, r) = (I DI () a3

= (17N DN I e) + 1 G, 1)

By subtracting the equation (13) from the equation (12),
we get:

AG(r, r2, AG) = GE(r1, 1) = GY (11, 1) a4

=2 D)1 ) Re[e™ Wy, )]

In the equation (14), the distribution of A¢ is valued to 0
and

ST

and we get the real part and the imaginary part of the cross
spectral density as:
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AG(ry, ry, A = 0)
2P NI )

15
Wi (ry, )= )

AG(r, 2, A9 = ) (16)

2P D) 1Pe)

In this embodiment, to measure the cross spectral density
of the light to be measured, we use a polarizer and beam
splitter mirror and an individual charge-coupled device to
record the intensity distributions [ (r} and [ (r) of the x- and
y-polarization in the m/4 linearly polarized partial light to be
measured and also the intensity distribution I *(r) and IyR(r)
of the x- and y-polarization of the circularly polarized
reference light, and also the intensity distribution I, “(r) and
IyC(r) of x- and y-polarization in the combined light after
beam combination of the reference light and the light to be
measured. From the quantities above, the real part and the
imaginary part of the cross spectral density can be retrieved
as:

W’ (r1, r2) =

{EeDIE ) = {[Llr) + IR0 [ L) + LF )] an

W' (ry, r) =
o W DIF )
W) {E DI ) = {[Ilr)) + IR [B,02) + LR G)] ) 18
1, 12)=
2 IE I ()
where ( S ) . represents the spatial average. As this light

field is produced by the Fourier system, the ensemble
average can be replaced by spatial average instead of
temporal average. According to the equation (6), the
intensity distribution p(p) of the surface of the scatter-
ing medium 5 can be retrieved by use of the measured
cross spectral density through Fourier transform.
Principle III: Retrieving the Shape and Location of the
Object to be Measured 3 by Using the Phase Retrieval
Algorithm in the Fresnel Domain
The intensity distribution p(p) of the surface of the
scattering medium 5 is known from the equation above. If
the specific distribution of the function of the object to be
measured 3 is further to be obtained, the object to be
measured 3 can be recovered by the phase retrieval algo-
rithm, specifically in the following steps:
10: first assuming the initial object to be measured as:

0,=\pP) (19
20: transmitting the initial object to be measured through

free space over a distance of z, whereupon it has a light
field of:

1 ) ik R ©20)
Ex(p) = S explikz) f Ok(v>exp[zw— V) ]d v

where A and k represent the wavelength and wavenumber
of light respectively, z represents the transmission
distance, i.e. the distance between the initial object to
be measured and the scattering medium 5, and v and p
represent the coordinates of the cross sections in which
the object to be measured and the scattering medium 5
are situated respectively;

30: obtaining the phase of E,(p) as:

8,(p)=arg[E,(p)] @D,
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40: assigning the phase to Vp(p) to obtain the new light
field of the surface of the scattering medium:

E(p)=NTRexpliBp)]

50. transmitting E',(p) in free space over a distance of —z
and taking the real part of the resultant light field to
obtain O',(v); and

60. screening O',(v) for effective information based on
constraints:

(22);

O [0:(»>0]
0 [Owm<0l

23
Opn(v) ={ @

So far, we have obtained the function O, ,(v) of the new
object to be measured. Loop iteration is needed in order to
obtain more accurate information. That is, these six steps are
repeated in 30 to 80 loops. The real part of the function
O,1(v) of the new object to be measured that is finally
obtained is squared to obtain the intensity distribution of the
initial object to be measured, thereby accomplishing imag-
ing of the object to be measured 3 hidden behind the
scattering medium through the scattering medium.

To sum up, in the present invention, first the intensity
distribution of the light to be measured, the intensity distri-
bution of the combined light after beam combination of the
reference light and the light to be measured and the intensity
distribution of the reference light are measured; a real part
and an imaginary part of the cross spectral density of the
light to be measured are obtained according to the intensity
distributions; the intensity distribution in the surface of the
scattering medium 5 is retrieved by using the real part and
the imaginary part of the cross spectral density and the
intensity distribution of light on the surface of the scattering
medium 5 is calculated to obtain the shape and location of
the object to be measured 3. In this way, dynamic objects can
be imaged quickly, the imaging range is not limited by the
optical memory effect and the point spread function of the
whole optical system does not need to be measured.

It should be understood by those skilled in the art that the
embodiments of this application can be provided as meth-
ods, systems, or computer program products. Therefore, this
application can take the form of an entirely hardware
embodiment, an entirely software embodiment, or an
embodiment combining software and hardware aspects.
Furthermore, this application may take the form of a com-
puter program product implemented on one or more com-
puter usable storage media (including but not limited to disk
storage, CD-ROM, optical storage, etc.) having computer
usable program codes contained therein.

This application is described with reference to flowcharts
and/or block diagrams of methods, devices (systems), and
computer program products according to embodiments of
this application. It should be understood that each flow
and/or block in flowchart and/or block diagram, and com-
binations of flows and/or blocks in flowchart and/or block
diagram can be implemented by computer program instruc-
tions. These computer program instructions may be pro-
vided to the processor of a general-purpose computer, a
special-purpose computer, an embedded processor or other
programmable data processing device to produce a machine,
so that the instructions executed by the processor of the
computer or other programmable data processing device
produce means for implementing the functions specified in
one or more flows in a flowchart and/or one or more blocks
in a block diagram.
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These computer program instructions may also be stored
in a computer-readable memory that can direct a computer
or other programmable data processing device to operate in
a specific way, so that the instructions stored in the com-
puter-readable memory produce an article of manufacture
including instruction means that implement the functions
specified in one or more flows in a flowchart and/or one or
more blocks in a block diagram.

These computer program instructions may also be loaded
on a computer or other programmable data processing
device, so that a series of operation steps are performed on
the computer or other programmable device to produce a
computer-implemented process, so that the instructions
executed on the computer or other programmable device
provide steps for implementing the functions specified in
one or more flows in a flowchart and/or one or more blocks
in a block diagram.

Obviously, the above-mentioned embodiments are only
examples listed for clear explanation, and not limitations on
the implementation. For those of ordinary skill in the art,
other changes or variations can be made on the basis of the
above description. It is not necessary and impossible to
exhaust all the implementations here. And the obvious
changes or variations derived from this shall fall within the
scope of protection of the present invention.

What is claimed is:

1. An optical imaging system based on random light field
spatial structure engineering, comprising:

a scattering assembly configured to scatter a beam trans-
mitted through free space via a scattering medium to
obtain light to be measured, the beam carrying infor-
mation on an object to be measured;

a first beam polarization splitting assembly configured to
split the polarization of the light to be measured, in
which one light beam to be measured is split into
x-polarized light and y-polarized light and the other
light beam to be measured is combined with a reference
light beam and then split into x-polarized light and
y-polarized light, where the reference light is com-
pletely coherent with the light to be measured;

an optical measurement assembly configured to measure
intensity distribution of the x-polarized and y-polarized
parts of the light to be measured, intensity distribution
of the x-polarized and y-polarized parts of the light
after beam combination of the reference light and the
light to be measured and intensity distribution of x-po-
larized and y-polarized parts of the reference light
which has not been combined with the other light beam
to be measured; and

a calculation unit configured to obtain a real part and an
imaginary part of the cross spectral density of the light
to be measured according to the intensity distributions,
retrieve the intensity distribution of light on the scat-
tering medium by using the real part and the imaginary
part of the cross spectral density and calculate the
intensity distribution on the scattering medium to
obtain the shape and location of the object to be
measured.

2. The optical imaging system based on random light field
spatial structure engineering of claim 1, further comprising
a Fourier lens provided between the scattering medium and
the first beam polarization splitting assembly.

3. The optical imaging system based on random light field
spatial structure engineering of claim 2, further comprising
a first half-wave plate provided between the Fourier lens and
the first beam polarization splitting assembly.
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4. The optical imaging system based on random light field
spatial structure engineering of claim 3, wherein the first
beam polarization splitting assembly comprises a first beam
splitting element and a first beam polarization splitting
element, the first beam splitting element being provided
between the first half-wave plate and the first beam polar-
ization splitting element.

5. The optical imaging system based on random light field
spatial structure engineering of claim 2, wherein the optical
measurement assembly comprises a first charge-coupled
device unit, a second charge-coupled device unit and a third
charge-coupled device unit arranged in an array, the first
charge-coupled device unit, the second charge-coupled
device unit and the third charge-coupled device unit each
comprising at least two individual charge-coupled devices,
in which the optical distance from the uppermost individual
charge-coupled device in the first charge-coupled device
unit to the Fourier lens is equal to the focal length of the
Fourier lens.

6. The optical imaging system based on random light field
spatial structure engineering of claim 5, wherein the optical
distances from all the individual charge-coupled devices in
the first charge-coupled device unit and the second charge-
coupled device unit to a first beam splitting element of the
first beam polarization splitting assembly are equal to each
other and equal to the optical distances from all the indi-
vidual charge-coupled devices in the second charge-coupled
device unit and the third charge-coupled device unit to a
third beam splitting element of a second beam polarization
splitting assembly.

7. The optical imaging system based on random light field
spatial structure engineering of claim 1, further comprising
a second beam polarization splitting assembly connected to
the optical measurement assembly, the second beam polar-
ization splitting assembly comprising a second beam split-
ting element, a third beam splitting element, a second beam
polarization splitting element, a third beam polarization
splitting element and a reflective element, the reference light
being split by the second beam splitting element, in which
one reference light beam and the light beam to be measured
are combined at the third beam splitting element and the
combined light is split into x-polarized light and y-polarized
light by the second beam polarization splitting element, and
the other reference light beam is reflected by the reflective
element and split into x-polarized light and y-polarized light
by the third beam polarization splitting element.

8. An optical imaging method based on random light field
spatial structure engineering, comprising:

scattering a beam transmitted through free space via a

scattering medium to obtain light to be measured, the
beam carrying information on an object to be mea-
sured;

splitting and polarizing the light to be measured, in which

one light beam to be measured is split into x-polarized
light y-polarized light and the other light beam to be
measured is combined with a reference light beam and
then split into x-polarized light and y-polarized light,
the reference light being light that is completely coher-
ent with the light to be measured;

measuring intensity distribution of the x-polarized and

y-polarized parts of the light to be measured, intensity
distribution of the x-polarized and y-polarized parts of
the light after beam combination of the reference light
and the light to be measured and intensity distribution
of x-polarized and y-polarized parts of the reference
light which has not been combined with the other light
beam to be measured
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obtaining a real part and an imaginary part of the cross
spectral density of the light to be measured according
to the intensity distributions, retrieving the intensity
distribution of light on the scattering medium by using
the real part and the imaginary part of the cross spectral
density and calculating the intensity distribution to
obtain the shape and location of the object to be
measured.

9. The optical imaging method based on random light
field spatial structure engineering of claim 8, wherein the
obtaining a real part and an imaginary part of the cross
spectral density W(r,, r,) of the light to be measured
according to the intensity distributions and retrieving the
intensity distribution of the scattering medium by using the
real part and the imaginary part of the cross spectral density
comprises:

calculating the real part W'(r,, r,) and the imaginary part

W"(r,, r,) of the cross spectral density of the light to be
measured by the equations:

{IE DI ) = ([ ) + IR0 [t + I ()]
2RI ) ’
{(IE0DIS D)) ~ ([l + IR ][ L) + IR ()]

210 R ) ’

W, r) =

W’ (r1, r2) =

where ( ..
represent coordinates of any point in an observation
plane, I, (r) and L, (r) represent the intensity distribu-
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tions of x-and y-polarization of the light to be measured
respectively, ively, L® (r) and L (r) represent the
intensity distributions of x-and y-polarization of the
reference light respectively, and " (r) and ch )
represent the intensity distributions of x-and y-polar-
ization of the light after beam combination of the
reference light and the light to be measured respec-
tively; and

retrieving the intensity distribution p (p) of light on the
scattering medium from the cross spectral density
through Fourier transform by the equation

e >—Lff ) [2’—” (1~ >]d2
i, 2 "7 plp)exp) ARt

where A represents the wavelength of the light, f represents
the focal length of a Fourier lens provided proximal to the
scattering medium, p represents the coordinate of any point
in the plane where the scattering medium is positioned, and
i represents the imaginary unit.

10. The optical imaging method based on random light
field spatial structure engineering of claim 8, wherein the
calculating the intensity distribution to obtain the shape and
location of the object to be measured comprises:

calculating the intensity distribution of light on the scat-

tering medium by using the phase retrieval algorithm in
the Fresnel domain to obtain the shape and location of
the object to be measured.

* * * * *



